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Melatonin attenuates caspase-dependent apoptosis in the thoracic aorta by regulating element balance and oxidative stress in pinealectomized rats D r a f t
Abstract
The aim of this study is to explain the possible mechanisms by which melatonin deficiency results in cardiovascular injury and to investigate the effects of melatonin administration on important signalling pathways and element equilibrium in the thoracic aorta (TA) . For this purpose, we analysed the cellular and molecular effects of melatonin deficiency or administration on the oxidative stress, DNA damage, molecular chaperone response and apoptosis induction in TA tissues of pinealectomised rats using ELISA, RAPD, qRT-PCR and Western blot assays. The results showed that melatonin deficiency led to an imbalance in essential element levels, unfolded/misfolded proteins, increased lipid peroxidation, and selectively induced caspase-dependent apoptosis in thoracic aorta tissues without significantly affecting the BCL2/BAX ratio (PNX:2.28, PNX+M:2.73). In this condition, the genomic template stability (80.22%) was disrupted by the significantly increased oxidative stress, and stress-specific HSP70 (20.96-fold), TNF-α (1.73-fold), caspase 8 (2.03-fold), and caspase 3 (2.87-fold) were markedly overexpressed compared to SHAM group. Melatonin treatment played a protective role in cell apoptosis and inhibited oxidative damage. In addition, melatonin increased the survivin level and the regulation of element equilibrium in the TA tissues. The results of the study indicate that melatonin deficiency induces TNF-α-related extrinsic apoptosis signals and that the administration of pharmacological doses of melatonin attenuates cardiovascular toxicity by regulating the increase in the rate of oxidative stressrelated cellular and molecular damage-induced apoptosis caused by melatonin deficiency in D D r a f t Therefore, melatonin use for melatonin deficiency-related stress and disorders has increased significantly in recent years. However, whether that exogenously taken melatonin can reverse the negative micro-environmental conditions that occur in the absence of melatonin has not yet been clearly demonstrated. Recent studies conducted using several cell and animal models reported that the administration of melatonin provides great defence against oxidative stress The effects of melatonin administration on the cardiovascular system have been extensively investigated, but the effects of melatonin deficiency or external melatonin administration on specific cell defence systems, essential element equilibrium and the underlying molecular mechanisms of vascular toxicity and caspase-dependent apoptosis in the thoracic aorta (TA) tissues still need to be determined. This study aims to explain the possible mechanisms by which melatonin deficiency results in vascular injury and to investigate the role of melatonin administration in alleviating TA apoptosis with a specific focus on oxidative stress markers, DNA damage, heat-shock protein families, element equilibrium and both intrinsic and extrinsic apoptosis pathways in pinealectomized rats.
Material and Methods

Experimental study
The experimental study was performed in the laboratories of Canakkale Onsekiz Mart University Experimental Research Center (COMUDAM). Experimental animals obtained from COMUDAM were licensed by the approval of the Canakkale Onsekiz Mart University Animal Care and Use Ethical Committee (Protocol number: 2014/11-10).
Animal material and study design
Fifteen adult male Sprague-Dawley rats, weighing 200-250 g, were used as animal subjects
The animals were housed in standard cages with food and water ad libitum, under a 12:00 L-12:00 D cycle (8:00 am to 8:00 pm) and controlled temperature of 22 ± 2 °C, and were randomly divided into three groups: Control (SHAM; n=5), pinealectomy (PNX; n=5), and pinealectomy+melatonin (PNX+M; n=5). After one week of adaptation, ten animals were subjected to a pinealectomy according to Canpolat et al. (2001) , and the remaining animals received a sham operation. After three days of recovery, vehicle solution (physiological saline containing 5% ethanol) was injected into the animals of the SHAM and PNX groups, and melatonin (absolute GR for analysis, Merck, Germany) was injected into the animals of the PNX+M group (5 mg/kg, subcutaneously). Melatonin was dissolved in physiological saline containing 5% ethanol and freshly prepared and applied every day to the PNX+M group at 10:00-10:30 a.m for 21 days (Ovali and Uzun 2017). Experimental procedures were performed in all groups at the same time and under the same conditions. Thoracic aorta (TA) tissue was harvested from euthanised rats on the last day of the experiment (day 21) at 10:00 a.m. and was washed with sterile physiological saline solution before being placed into D r a f t cryotubes. The operation was performed under sterile conditions to minimise any contamination risk. The cryotubes were frozen in liquid nitrogen and then stored at -80 °C until experimental analysis was performed.
Determination of the Melatonin Level in TA Tissue
For each group, five thoracic aorta samples, which were frozen in liquid nitrogen, were lysed in cold conditions (4 °C) with a TissueLyser LT lysing system (TissueLyser LT, Qiagen, USA) in a 2-mL extraction tube for 2 min. Afterwards, approximately 50 mg of powder, which was crushed with tungsten carbide beads, was mixed with 500 µL of extraction solvent (methanol/ultrapure water, 20:80 (v/v) with 0.2% formic acid) in an Eppendorf tube. This mixture was vortexed immediately with cooling and shaking at 1250 rpm (Bioneer Mixing Block MB-102) for 10 min under dark conditions. After centrifugation (15000 rpm for 10 min at 4 °C), the supernatant was filtered through a 0.22-µm PTFE filter. Samples (100 µL) were analysed by a MicroLC-ESI-triple quadrupole TOF system (API 4600 Q-TOF; ABI Sciex, USA). During this analysis, melatonin standards (BML-NS520-000, Enzo Life Sciences) were individually loaded into the Q-TOF system to determine the fragments and analysis conditions. Afterwards, mixtures of the five amines were prepared with concentrations ranging from 0.5 to 100 µg/kg to set up six points of calibration. All data files were opened with PeakView (ABI-Sciex, USA) software, and the mass and fragment results were checked with Master View (ABI-Sciex, USA) options. The mass and specific fragments were exported to MultiQuant software (ABI-Sciex, USA) to generate calibration curves for each type of biogenic amine. Samples (2 µL) were analysed by MicroLC-Q-TOF using an Eksigent MicroLC 200 Plus system coupled to an Applied Biosystems 4600 Triple Quadrupole TOF mass spectrometer. Chromatographic separation was carried out on an Eksigent 2.7 µ*3 cm C18 halo column at 30 °C. The isocratic flow was as follows: 20% A (99.8% UPW:0.2% formic acid) to 80% B (99.8% acetonitrile:0.2% formic acid) over 3 min. Biogenic amine D r a f t analyses were performed with a DuoSpray source and electrospray ionization (ESI) probe. An IDA method with a TOF-MS survey of 70 ms and up to 20 dependent TOF-MS/MS scans of 25 ms accumulation time was used, the mass range was set to 100-960 Da for MS, and the product ion mass range was set to 30-960 Da for MSN. The curtain gas was set at 20 a.u., the source temperature was 400 °C, and ion source gases 1 and 2 were both 30 a.u. The declustering potential was set at 100 V. The source voltage was 5500 V. A collision energy (CE) of 20 V and collision energy spread (CES) of 15 V were used. The main and precursor ion and calibration curve of melatonin were 232 [174] and y=92.13602x+1302.73990, R 2 =0.9966, respectively.
Determination of elements
The 20 mg of powder obtained from the previous method used for the thoracic aorta samples from each group was digested with 5+1 mL Suprapur 65% nitric acid solution and ultrapure 99% H 2 O 2 with a CEM Mars 6 (CEM Corporation, USA) microwave digestion system (power: 1600 W; time: 15 min; temp: 180°C; pressure: 200 bar; animal tissue procedure, CEM application method). Digested solutions were diluted with ultrapure water, and the final volume of the solution was adjusted to 100 mL. A calibration curve was generated in eight points between 0.100 and 800 µg/kg using Agilent ICP-MS certified mixture standards (part number: 5183-4688). The amounts of Li, Mg, Ca, Mn, Cu and Zn were determined by inductively coupled plasma mass spectrometry (ICP-MS, 7700 xx, Agilent Technologies,
USA)
Determination of Malondialdehyde (MDA)
The MDA level of TA tissues was determined by the thiobarbituric acid (TBA)/trichloroacetic acid (TCA) reactive substance assay, as described by Kheradmand et al. (2009) . The absorbance of the final supernatant was read at 532 nm after subtraction of the non-specific D r a f t absorption at 600 nm, and the MDA concentration was calculated using 155 mM -1 cm -1 as the extinction coefficient. The MDA levels were given as nmol per gram of TA tissue.
DNA extraction procedures and RAPD assay
Genomic and mitochondrial DNA were extracted using a DNeasy Tissue Blood Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The total genomic DNA was diluted with nuclease-free water to a concentration of 25 ng/µL, and the diluted DNA was used as the template DNA for the PCR reaction. Standard 50 µL PCR reactions were performed using 2 µL (50±10 ng) of template DNA, 1 µL of each primer, 25 µL of DreamTaq Master Mix (Thermo, K1071) and nuclease-free water (Sigma, W4502). The primer names and sequences and the PCR conditions are given in Table 1 Table 1 . Gene expression levels were determined as the relative fold change compared to the control and normalised to the GADPH mRNA expression. The comparative cycle threshold (2-∆∆Ct) method (User Bulletin 2, Applied Biosystems, CA) was performed to analyse the expression levels of mRNAs.
Protein extraction procedure and Western blot assay
Three 30-40 mg thoracic aorta pieces, which were frozen in liquid nitrogen, from each group were used in cold conditions (4 °C) with the TissueLyser LT lysing system (Qiagen, TissueLyser LT, USA) in a 2-mL extraction tube for 2 min. Afterwards, approximately 20 mg of powder, which was crushed with tungsten carbide beads, was mixed with 500 µL of RIPA (25 mM Tris/HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) lysis buffer containing a protease inhibitor cocktail (Santa Cruz Biotechnology, Santa D r a f t Cruz, CA). The lysates were centrifuged at 14,000 rpm for 30 min at 4°C. Fifty-microgram protein samples, which were measured at A280 using a nanodrop spectrometer (Optisen Nano Q, Mecasys, Korea), were loaded on a NuPAGE® Bis-Tris polyacrylamide gel (10%), electrophoresed, and transferred to PVDF membranes (Life Technologies, USA) after denaturation. The membranes were incubated in 5% milk in TBS buffer. Primary antibodies, including antibodies against HSP70, TNF-α, caspase 8, caspase 3 and β-actin (Santa Cruz Biotechnology, Santa Cruz, CA), were diluted to 1:100-1:1000 in antibody binding buffer overnight in a dark room and then incubated in a secondary antibody solution containing goat anti-mouse IgG-HRP and goat anti-rabbit IgG-HRP for 1 h. The washed and enhanced protein bands of immunoblots were observed with a chemiluminescence gel imaging system (Bio-Rad ChemiDoc MP System, USA).
Statistical analyses
The differences in the melatonin, element, and MDA levels, the relative protein density and the relative fold change in gene expression due to melatonin deficiency were compared using the t-test and analysis of variance (ANOVA) with Duncan's separation of means test using SPSS 20 (IBM, USA) software with significance set at the level of P≤ 0.05. Correlations between melatonin-gen expressions and melatonin-tissue element contents were analysed by bivariate correlation test with Pearson correlation coefficient and a two-tailed test of significance at significance levels of P≤0.05 and 0.001. The array analyses were performed with Array Mining software (Glaab et al. 2009 ) to compare the relative fold change of both physiological and molecular data to the respective control (Control=1) with normalisation to Log10(x+1), and the eBayes and Pearson correlation options were used for hierarchical clustering and correlation analysis, respectively
Results
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Effects of pinealectomy and melatonin treatment on the tissue melatonin level of TA
In this study, we determined the TA melatonin level in the control and experiment groups using a MicroLC-ESI-triple quadrupole TOF system (MicroLC-Q-TOF). The melatonin level significantly decreased in the PNX group (0.44±0.60 ng mg -1 ), compared with the SHAM group. Compared with that in the PNX group, melatonin administration (PNX+M) increased the melatonin level in the TA tissue by threefold (1.40±0.16 ng mg -1 ), but the amount of this melatonin was less than the level in the SHAM group (6.28±0.74 ng mg -1 ) ( Table 2 ).
Effects of pinealectomy and melatonin treatment on the element contents of TA
Inductively coupled plasma mass spectrometry (ICP-MS) analysis showed that both PNX and melatonin treatment induced important and variable changes at the tissue element levels.
Whereas Mg, Ca, Cu, Zn and Mn concentrations were significantly increased by pinealectomy, melatonin treatment to PNX animals resulted in a significant decrease at the tissue level of elements compared with the SHAM (P<0.05) (Table 2) . However, the melatonin treatment (PNX+M) could only stabilise the Zn and Ca element levels compared with the SHAM in the TA tissues ( Table 2) . The values of all the element contents of PNX+M animals receiving melatonin were significantly low in the PNX (t-test;P<0.05).
Nevertheless, no significant correlation was found between the tissue element contents and the melatonin levels.
Effects of PNX and melatonin treatment on the oxidative stress parameters in the TA tissue
The MDA level in the rat TA tissue is shown in Figure 1 . Melatonin deficiency had a significant effect on the MDA content. The mean level of MDA in the TA was approximately two-fold higher in the PNX group (12.14±1.63 nmol g -1 ) than in both the SHAM and PNX+M D r a f t groups. In the TA tissues, PNX caused a significant increase in the expression of CuZn-SOD, GS, respectively) in comparision with the SHAM group. Although, a significant reduction was observed in the relative expression of Mn-SOD and HSP 70 in the melatonin-treated (PNX+M) groups compared with the PNX animals, these expressions were still higher than those in the SHAM. No significant differences in the relative expression of small HSPs were detected between the SHAM and treatment groups in the TA tissues of rats. Both applications caused a significant decrease in the expression level of other HSPs at 60 kD and 90 kD (Figure 2 , Table 2 ). The Pearson correlation analysis showed that a significant negative correlation was found between the melatonin and expressions of CuZn-SOD (-0.738, P=0.004), CAT (-0.593, P=0.004), Mn-SOD (-0.815, P=0.001), HSP70 (-0.644, P=0.018), and that a positive correlation was observed only in HSP60 (0.732, P=0.004) and HSP90 (0.583, P=0.036).
Effects of pinealectomy and melatonin treatment on the genomic template stability in
the TA tissue In this study, the effects of PNX and PNX+M on DNA profiles were determined by RAPD analysis. In addition, the appearance/disappearance of bands and the decrease/increase in the intensities of the bands compared with those in the SHAM group were investigated. Of the 20 oligonucleotide primers evaluated to screen the genomic DNA isolated from both TA and rats for polymorphism, 2 primers yielded no band, 6 primers produced inconsistent results, and 12 primers generated consistently positive results. Among the 12 primers, 8 informative and stress-specific primers were selected for use in the analyses of RAPD profiles (Figure 3 , Table 3 ). In total, 47 bands belonging to the control group and 1 new band were observed, and 16 losses of bands belonging to the treated group, ranging in molecular size from 185 (SP1) to 1398 (RAPD6) were amplified by 8 primers in the TA tissue. The highest number of band changes was detected in the PNX animals in the TA D r a f t tissues, and the band patterns observed in the RAPD-PCR exhibited significant differences between the PNX and PNX+M animals, with changes in the band intensity, the loss of normal bands and the appearance of new bands. Genomic template stability (GTS) was used as an indicator to detect the changes in the RAPD band profiles, providing a rapid response under the pressure of stress factors stemming from DNA repair and replication mechanisms in tissues. The GTS (%) of the total DNA of the TA tissue was calculated from the band changes in the eight primers tested. In the TA tissue, pinealectomy operation affected the band profiles, and GTS decreased to 80.22%. In this study, the GTS values were regulated by melatonin treatment in PNX animals, , and the value was 96.61% in the TA tissues ( Figure   3 ). Figure 2, Table 2 ).
PNX induces TNF-α-related extrinsic apoptosis and melatonin treatment regulates apoptotic cell death
D r a f t Following gene expression studies, we intended to determine whether some proteins involved in the extrinsic apoptosis signalling were released. Western blot analysis was used to monitor the release of TNF-α, caspase 3, caspase 8 and the stress-specific molecular chaperon HSP70 isolated from the TA tissues. The results indicated that PNX directly caused the upregulation of both caspase 3 and caspase 8 in comparision with that in the SHAM animals. These results provided insight into the mechanism of melatonin action, in which TNF-α/caspase 8/caspase 3 extrinsic apoptosis signalling appeared to be a direct target of melatonin for the induction of caspase-dependent apoptosis (Figure 4 ).
Discussion
Element equilibrium in cells plays an important role in a wide variety of biological pathways in living systems. However, many studies reported an adverse effect of essential or xenobiotic metals at high or inadequate concentrations. These metals could interact with special biological membranous organelles and molecules, thus causing oxidative damage and disrupting the maintenance of several pathways, membrane permeability and redox homeostasis.
The interaction between elements and physiological and genetic systems is well documented, although the molecular mechanisms are not completely understood ( Despite the rich literature on the relation between melatonin and tissue element levels, to the best of our knowledge, research on the connection between melatonin and TA element levels is lacking. In the present study, the TA Mg, Ca, Cu, Zn and Mn concentrations significantly increased in PNX rats, which had a lower melatonin level than did the rats in the SHAM group. In contrast to the Ca and Zn levels, the Li, Mg, Cu and Mn levels in TA were significantly lower in PNX+M than in the SHAM group (Figure 2, Table 2 ). According to Melatonin deficiency causes blood pressure elevation, which is considered to be related to melatonin-nitric oxide association. Another critical mechanism in this relation involves calcium. Calcium is an important molecule that regulates the vascular tone related to vasoactive agents, such as endothelium-derived hyperpolarizing factor, nitric oxide, In several organisms, melatonin deficiency causes oxidative stress. Increased oxidative stress levels due to an inadequate antioxidant system can lead to toxic effects, such as lipid peroxidation, DNA polymorphisms and gene induction/repression (Ochsendorf 1999).
Recent studies have shown that during stressful conditions, differential regulation occurred for genes that encode antioxidant enzymes (SOD, CAT and GS) and HSPs ( the length of the amplified fragment. In our study, we observed a decrease in the intensity of nine bands in the TA tissues in pinealectomized rats. However, a decrease in the intensity of four specific bands was found in the TA samples of the PNX+M group (Figure 3 , Table 3 ).
The changes in band intensity mainly depend on the genome rearrangement caused by the reactions of enzymes, such as Taq polymerase, and the efficiency of DNA repair mechanisms, particularly single 8-oxo-7',8'-dihydro-2'-deoxyadenosine lesions. We suggest that the differences in band intensity related to insufficient genome repair mechanisms may be due to the altered molecular composition that is induced by oxidative stress and to the irregular changes in element balance and redox potential sources resulting from melatonin deficiency in cells.
Apoptosis is programmed cell death, and it occurs in several physiological and pathological Rich et al. 2000) . Our results revealed that melatonin deficiency causes DNA damage, significantly increases the levels of MDA and both cytosolic and D r a f t mitochondrial SOD, serves as a biomonitor of oxidative stress, affects the stress-specific HSP70 gene expression and activates the gene and protein expression of caspase 3 and caspase 8 (Figure 2, 4) . The activation of caspases in response to several stressors triggers the activation of both extrinsic and intrinsic apoptosis signalling pathways in mitochondria 
2013).
Melatonin administration is known to have beneficial effects on the cardiovascular system through oxidative stress inhibition, free radical scavenging, increased antioxidant activities and the prevention of ischemia/reperfusion injury, hypertension and atherosclerosis 1 cycle of 2 min at 50 °C and 10 min at 95 °C followed by 48 cycles of denaturation at 95 °C for 15 s, annealing and extension at 60 °C for 1 min D r a f t D r a f t Table 3 . Changes in the RAPD profiles based on the appearance (A), disappearance (D) of bands and increase in band intensities (II), decrease in band intensities (DI) with specific molecular sizes (bp) using eight primers in the SHAM, pinealectomy (PNX) and pinealectomy plus melatonin (PNX+M) treated Sprague Dawley rats.
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